Co-localization of dopamine with other classical neurotransmitters in the same neuron is a common phenomenon in the brain of vertebrates. In mammals, some dopaminergic neurons of the ventral tegmental area and the hypothalamus have a glutamatergic co-phenotype. However, information on the presence of this type of dopaminergic neurons in other vertebrate groups is very scant. Here, we aimed to provide new insights on the evolution of this neuronal co-phenotype by studying the presence of a dual dopaminergic/glutamatergic neuron phenotype in the central nervous system of lampreys. Double immunofluorescence experiments for dopamine and glutamate in adult sea lampreys revealed co-localization of both neurotransmitters in some neurons of the preoptic nucleus, the nucleus of the postoptic commissure, the dorsal hypothalamus and in cerebrospinal fluid-contacting cells of the caudal rhombencephalon and rostral spinal cord. Moreover, colocalization of dopamine and glutamate was found in dopaminergic fibres in a few brain regions including the lateral pallium, striatum, and the preoptic and postoptic areas but not in the brainstem. Our results suggest that the presence of neurons with a dopaminergic/glutamatergic co-phenotype is a primitive character shared by jawless and jawed vertebrates. However, important differences in the distribution of these neurons and fibres were noted among the few vertebrates investigated to date. This study offers an anatomical basis for further work on the role of glutamate in dopaminergic neurons.
Introduction
More and more studies are showing that the co-localization of two classical neurotransmitters in the same neuron [for instance, GABA and glycine, dopamine (DA) or serotonin] is a common phenomenon in the central nervous system of vertebrates, including lampreys (see Rodicio et al. 2008; Villar-Cerviño et al. 2008 Barreiro-Iglesias et al. 2009a, b) . Although the dopaminergic system is one of the bestcharacterized neuronal systems in vertebrates (for a revision, see Smeets & Gonz alez, 2000) , it is only recently that co-localization of DA with glutamate (GLU; the main excitatory neurotransmitter) has been reported in some neurons.
The first demonstration that dopaminergic neurons of the rodent midbrain release GLU at synapses was performed using single-neuron patch-clamp recordings in cell cultures (Sulzer et al. 1998; Bourque & Trudeau, 2000) . Other studies in rodents have found tyrosine hydroxylase (TH)-expressing dopaminergic neurons of the ventral tegmental area of the midbrain that co-express the vesicular GLU transporter 2 (VGlut2) (Dal Bo et al. 2004; Kawano et al. 2006 ; see Morales & Root, 2014; Yamaguchi et al. 2015) . The study by Kawano et al. (2006) also reported co-expression of VGlut2 in almost half of the TH-positive neurons in the A11 group of the rat hypothalamus. In the nucleus accumbens of mice, GLU is released by dopaminergic terminals of ventral tegmental area/substantia nigra neurons (Stuber et al. 2010 ). More recently, Mingote et al. (2015) reported that dopaminergic neurons of the ventral tegmental area elicit glutamatergic signals in specific areas of the forebrain including the nucleus accumbens, olfactory tubercle, entorhinal cortex, central amygdala and cingulate cortex. It has been suggested that VGlut2 may facilitate the vesicular loading of DA in projections of the ventral tegmental area to the ventral striatum of mice . The glutamatergic/dopaminergic co-phenotype might also be important for the development of mesencephalic dopaminergic neurons (Fortin et al. 2012) . Moreover, expression of VGlut2 in dopaminergic neurons decreases as development progresses in the ventral tegmental area of mice Mendez et al. 2008 ) and the ventral tegmental area/substantia nigra of rats (B erub e-Carri ere et al. 2009 ).
The co-localization of glutamatergic and dopaminergic markers in neurons is almost unknown in non-mammalian vertebrates. A recent study in zebrafish has reported the existence of dopaminergic neurons that express vglut2 transcripts in the posterior tuberculum, but not in other dopaminergic nuclei, which suggests that they may store GLU in vesicles (Filippi et al. 2014) . Whether the presence of neurons with a DA/GLU co-phenotype is a specialization of zebrafish and rodents, or represents an ancestral feature shared with other vertebrates is not known.
Jawless vertebrates such as lampreys are the first vertebrates to arise in evolution, diverging from lines leading to mammals about 560 million years ago. The key outgroup position of lampreys at the base of the vertebrate phylogeny makes them an interesting animal model to understand early vertebrate brain evolution. Various immunohistochemical studies in lampreys have revealed the functional organization and development of the dopaminergic system in lampreys (Pierre et al. 1997; Pombal et al. 1997a,b; Abalo et al. 2005; Barreiro-Iglesias et al. 2010a,b; Ericsson et al. 2013; Ryczko et al. 2013) . The distribution of glutamatergic neurons in the sea lamprey brain has been reported on recently using anti-GLU immunofluorescence and VGlut in situ hybridization methods (VillarCerviño et al. 2011 (VillarCerviño et al. , 2013 . These VGlut in situ hybridization results supported the validity of the immunofluorescence approach with anti-GLU antibodies to investigate the glutamatergic populations in the brain of the adult sea lamprey (Villar-Cerviño et al. 2011 . Immunohistochemistry offers clear advantages with respect to in situ hybridization to reveal the morphology of neurons and processes. GLU immunofluorescence stains cell bodies, dendrites and axons in the sea lamprey, allowing a better characterization of glutamatergic cell populations. Regarding the distribution of GLU in the central nervous system, strong immunoreactivity is observed in neuronal perikarya that exhibit the same distribution as that of the VGlut-positive neurons, except for the giant reticulospinal neurons that express VGlut but are not GLU-immunoreactive (GLUir) (Villar-Cerviño et al. 2011 Fern andez-L opez et al. 2012) . As observed for VGlut expression (Villar-Cerviño et al. 2011 , ependymal cells are not GLU-ir in the sea lamprey, which indicates that the anti-GLU antibodies are not detecting basal metabolic GLU in cells.
Double immunofluorescence methods and confocal microscopy have been used previously to show the co-localization of GABA with DA or serotonin (Rodicio et al. 2008; Barreiro-Iglesias et al. 2009a,b) or GLU with GABA or glycine (Villar-Cerviño et al. 2011 Fern andez-L opez et al. 2012 ) in neurons of several regions of the sea lamprey central nervous system. Here, we aimed to investigate the possible co-localization of DA and GLU in the sea lamprey by using double immunofluorescence methods. Our results reveal co-localization of DA and GLU in some neurons of the lamprey brain and spinal cord, and provide new information for our understanding of the evolution of this neuronal co-phenotype.
Methods Animals
All experiments were approved by the Bioethics Committee at the University of Santiago de Compostela and the Conseller ıa do Medio Rural e do Mar of the Xunta de Galicia (code JLPV/IId; Spain) and were performed in accordance with European Union and Spanish guidelines on animal care and experimentation.
Young postmetamorphic adult sea lampreys (Petromyzon marinus L.; n = 7) were used for immunofluorescence experiments. They were collected from the River Ulla (Galicia, northwestern Spain) with permission from the Xunta de Galicia, and maintained in aerated aquaria before use. For experiments, the animals were deeply anaesthetized with 0.02% MS-222 (Sigma, St. Louis, MO, USA) in fresh water and killed by decapitation. The brain/rostral spinal cord was dissected out and fixed by immersion in 5% glutaraldehyde and 1% sodium metabisulphite in 0.05 M Tris-buffered saline (TBS; pH 7.4) for 17 h. The fixed brains were embedded in Neg 50 TM (Microm International GmbH, Walldorf, Germany), frozen in liquid nitrogen-cooled isopentane, sectioned on a cryostat in the transverse plane (18-lm-thick sections), and mounted on Superfrost Plus glass slides (Menzel, Braunschweig, Germany).
Immunofluorescence
For immunofluorescence, sections were pretreated with 0.2% NaBH 4 in deionized water for 45 min at room temperature to quench glutaraldehyde-induced autofluorescence. The sections were incubated overnight at 4°C with a mix of a rabbit polyclonal anti-DA antibody (1 : 750; Dr H. W. M. Steinbusch, Maastricht, the Netherlands) and a mouse monoclonal anti-GLU antibody (1 : 1000; Swant, Bellinzona, Switzerland) in TBS containing 1% sodium metabisulphite, 15% normal goat serum and 0.2% Triton X-100. Then the sections were rinsed in TBS and incubated for 1 h at room temperature with Cy3-conjugated goat anti-rabbit (1 : 200; Millipore, Temecula, CA, USA) and FITC-conjugated goat anti-mouse (1 : 100; Millipore) antibodies.
Controls of specificity
The DA antiserum was raised against a DA-bovine serum albumin (BSA) conjugate and has very low cross-reaction with noradrenalin (< 10% cross-reaction) and other monoamines (< 1% cross-reaction) (Steinbusch et al. 1991) . Control experiments (pre-adsorption with the corresponding antigen, a DA-BSA conjugate, and Western blots of lamprey brain protein extracts) previously carried out in our laboratory confirmed the specificity of this antibody in lamprey tissue. In addition, there is a good correspondence between the populations revealed by this anti-DA antibody and those revealed by TH in situ hybridization (Barreiro-Iglesias et al. 2010b ).
The mouse monoclonal anti-GLU antibody was raised against a glutaraldehyde-linked L-GLU-BSA conjugate by Dr P. Streit (Liu et al. 1989) , and this clone was made commercially available through Swant. This antibody has been characterized with respect to cross-reactivity by antibody dilution experiments as well as by pre-adsorption experiments (Ad am & Csillag, 2006) and it has been used in a previous study of the sea lamprey spinal cord (Fern andez-L opez et al. 2012). The monoclonal anti-GLU antibody used in the present investigation showed the same pattern of glutamatergic neuronal populations in the adult sea lamprey brain as that previously described when using two different polyclonal anti-GLU antibodies. More importantly, all these anti-GLU antibodies reveal the same distribution of glutamatergic neuronal populations observed by VGlut in situ hybridization (Villar-Cerviño et al. 2011 .
As a control for the secondary antibodies, the incubation with the primary antibodies was omitted for some sections. No staining was observed in these controls.
Image acquisition
Sections were analysed and photographed with TCS-SP5 and TCS-SP2 spectral confocal microscopes (Leica). For co-localization of neurotransmitters in fibres and terminals, representative fields of fibres throughout the main brain regions were imaged with a high aperture glycerol-immersion objective (639, N.A. 1.35). Image processing and confocal projections were done using the LITE (Leica) or IMAGEJ software. For plate composition, the photomicrographs were adjusted for brightness and contrast using the Adobe PHOTOSHOP CC software.
Quantification of double-labelled cells
To quantify the percentage of dopaminergic cells that showed GLU immunoreactivity in each nucleus, one of every three (preoptic and the postoptic commissure nuclei) and one of every four (dorsal hypothalamus) sections were analyzed from rostral to caudal in each nucleus. The total number of DA-immunoreactive (DA-ir) cells and double-labelled cells was manually counted by going through the stack of confocal optical sections viewed with IMAGEJ. The percentage of DA-ir cells that were also GLU-ir was calculated for each section. Then, the mean percentage of co-localization was calculated for each nucleus of each animal. The mean (AE standard error of the mean) percentage of co-localization is given based on the quantification of several animals.
Nomenclature
For the description of DA-ir neuronal populations and brain regions, we followed the nomenclature used in Barreiro-Iglesias et al. (2009b) .
Results
General organization of the dopaminergic and glutamatergic neurons in the sea lamprey brain Numerous DA-ir neurons were distributed in discrete groups of the forebrain (olfactory bulbs, striatum, preoptic nucleus, postoptic commissure nucleus, dorsal and ventral hypothalamic nuclei, mammillary nucleus and paratubercular nucleus), rhombencephalon (ventral isthmus and caudal rhombencephalon) and spinal cord of adult sea lampreys, confirming the results of previous studies of this lamprey species (Abalo et al. 2005; , 2009b . Double DA⁄GLU immunofluorescence showed that glutamatergic cell populations are far more numerous and widely distributed in the sea lamprey than are dopaminergic cells and that most of them do not show DA immunoreactivity. The distribution of the lamprey glutamatergic populations has been reported recently using both GLU immunohistochemistry and VGlut in situ hybridization (Villar-Cerviño et al. 2011 and its detailed study is beyond the scope of the present investigation. Accordingly, study of co-localization of DA and GLU immunoreactivities in neurons was centred on the DA-ir brain nuclei. The topological organization of the dopaminergic populations in the adult sea lamprey and the location of DA⁄GLU double immuno-labelled neurons are schematically illustrated in 
Co-localization of DA and GLU in neurons of the forebrain
No co-localization of DA and GLU was observed in the DA-ir granule-like cells of the olfactory bulbs or in the scarce DAir cells of the striatum (not shown). In the preoptic nucleus, spindle-shaped dopaminergic cells showed co-localization of DA and GLU immunoreactivities (59.25 AE 14.47% of the dopaminergic neurons, n = 5 brains, n = 255 neurons; Fig. 2A-A″) . Co-localization with GLU was observed in the somata of dopaminergic cells ( Fig. 2A-A″) and in thick beaded cell processes coursing in the neuropil of this area (Fig. 3A-A″) . Some spindle-shaped cells of the postoptic commissure nucleus showed co-localization of DA and GLU immunoreactivities (68.18 AE 11.94% of the dopaminergic neurons, n = 4 brains, n = 98 neurons; Fig. 2B-B″) . In this nucleus, however, most neurons were only GLU-ir. Some beaded processes coursing in the neuropil of this nucleus were DA/GLU double-labelled (Fig. 3B-B″) .
The hypothalamus of the sea lamprey contained numerous DA-ir cells in dorsal, ventral and mammillary regions. A few rounded perikarya of the dorsal hypothalamus showed co-localization of GLU and DA immunoreactivities (13.40 AE 4.23% of the dopaminergic neurons, n = 4 brains, 1289 neurons; Fig. 2C-C″) . Usually these double-labelled cells were observed in the second or third layer of periventricular cells away from the ventricle. Co-localization of DA and GLU immunoreactivities was also observed in the ventricular process of some of these cells (Fig. 2C-C″) . In this nucleus, however, most neurons exhibited either DA or GLU immunoreactivity. In addition, the mammillary region and the ventral hypothalamus showed numerous DA-ir and GLU-ir neurons, but co-localization of these immunoreactivities in the same neuron was not observed (not shown). The retro-mammillary/posterior tubercle region of the sea lamprey contains a group of non-CSF-contacting TH-ir and DAir neurons with prominent dendrites, the paratubercular nucleus (Abalo et al. 2005; Barreiro-Iglesias et al. 2010b; Ryczko et al. 2013) . No co-localization of DA and GLU immunoreactivities was observed in DA-ir cells of the paratubercular nucleus, or in processes of these cells.
Co-localization of DA and GLU in neurons of the rhombencephalon and rostral spinal cord
In the rostral rhombencephalon, no co-localization with GLU immunoreactivity was observed in the scarce DA-ir cells of the ventral isthmus (not shown). The largest population of dopaminergic neurons of the rhombencephalon is located in its caudal region and consists of small CSF-contacting cells. Co-localization of DA and GLU was observed in almost all, if not all, of the CSF-contacting DA-ir cells (Fig. 2D-D″) . Co-localization was observed in apical dendrites and perikarya of these cells (Fig. 2D-D″) . The GLU-ir cells observed in surrounding regions were negative for DA. The DA-ir CSF-c cells of the caudal rhombencephalon continued along the rostral spinal cord as ventral CSF-c cells. As in the rhombencephalon, all these cells were also GLU-ir (Fig. 4) . Co-localization was observed in apical dendrites and perikarya of these cells (Fig. 4) . The non-CSF-c DA-ir cells located in the ventral midline of the spinal cord were not GLU-ir (not shown).
Co-localization of DA and GLU in fibres of the brain
To investigate possible targets of DA/GLU double-labelled neurons, we examined a number of brain areas receiving abundant dopaminergic fibres. These regions included: the ventral areas of the lateral pallium, the striatum (both periventricular and ventrolateral regions), the preoptic area, the neuropil region of the nucleus of the post-optic commissure, the hypothalamus including the mammillary recess, and the dorsal thalamus (lateral neuropil) in the forebrain, the torus semicircularis in the midbrain, the dorsal, intermediate and ventral neuropil in the isthmic region, and the region of the dorsal isthmic ('cerebellar') commissure and the region ventrolateral to the trigeminal motor nucleus in the rhombencephalon. Of these regions, only the lateral pallium, the striatum (both periventricular and ventrolateral regions), the preoptic area and the neuropil region of the nucleus of the postoptic commissure showed DA/GLU double-labelled fibres (Fig. 3A-D) . The telencephalon was richly innervated by DA-ir fibres, which were abundant in the lateral pallium and striatum. In the lateral pallium and striatum, a few DA-ir fibres were clearly double-labelled with GLU immunoreactivity (Fig. 3C,D) , but most were singlelabelled. Although many dopaminergic fibres were observed in the tuberal and mammillary hypothalamic regions, no double-labelled fibres were observed (not shown). The same occurred in dorsal thalamus, posterior tubercular region, torus semicircularis, isthmus and trigeminal tegmental regions (not shown).
Discussion
This study shows that in the sea lamprey brain some dopaminergic neurons in the forebrain, rhombencephalon and spinal cord present a dual DA/GLU phenotype, as revealed by DA and GLU double immunofluorescence experiments. These neurons were observed in nuclei that contain both neurons expressing lamprey TH mRNA (Barreiro-Iglesias et al. 2010b ) and neurons expressing lamprey VGlut mRNA (Villar-Cerviño et al. 2011 , as shown by in situ hybridization. Taken together, these results in sea lamprey suggest that DA/GLU double-immunolabelled cells both synthesize DA and accumulate GLU in synaptic vesicles, probably releasing them together. In the nuclei where this double phenotype was observed, these cells represent only a fraction of the dopaminergic population with the exception of the rhombencephalic caudal population. In addition to double-labelled perikarya, double-labelled fibres and terminals were observed in a few brain regions, including the preoptic and postoptic area, the striatum and lateral pallium. This dual DA/GLU neuronal phenotype has been mainly described and studied in the midbrain ventral tegmental area and the hypothalamic A11 population of rodents (Kawano et al. 2006 ; see Morales & Root, 2014; Yamaguchi et al. 2015) . As in most nuclei of the sea lamprey, only a portion of the dopaminergic neurons in these rodent populations showed a double phenotype. In addition, projections of these dual phenotype cells to specific areas of the forebrain have been reported recently (Mingote et al. 2015) . Restricted co-localization of TH immunoreactivity and VGlut2a/b expression was observed in the brain only in the posterior tubercular/hypothalamus region of larval zebrafish, being absent in other catecholaminergic nuclei of the zebrafish brain (Filippi et al. 2014) . The absence of dopaminergic populations in the lamprey mesencephalon precludes any direct comparison between midbrain DA/GLU populations of mammals and the DA/GLU populations of the sea lamprey brain. However, comparative studies of the development of midbrain-diencephalic dopaminergic groups in tetrapods using a segmental approach suggest a common process for the generation of these neurons along the rostrocaudal brain axis (Mar ın et al. 1998) , and thus the posterior tubercle and midbrain populations might be considered as segmental homologues. In both lampreys and zebrafish, an ascending projection system from the dopaminergic posterior tubercle populations toward the basal telencephalon has been demonstrated experimentally (Pombal et al. 1997a; Rink & Wullimann, 2001) , and these projections may be considered to represent the equivalent (analogue) of the nigro-striatal projection of tetrapods due to the lack of mesencephalic dopaminergic populations. The posterior tuberculum/paratubercular region-striatal circuit of lampreys has been suggested to be functionally organized as the mammalian nigro-striatal system (Ericsson et al. 2013) . Some recent authors refer to these lamprey posterior tubercle populations as substantia nigra pars compacta (see Ericsson et al. 2013) , but homology of these nuclei is unclear or incomplete from an embryologic point of view (Yamamoto & Vernier, 2011; P erez-Fern andez et al. 2014 ) and this name should be avoided. In zebrafish, some dopaminergic neurons of the posterior tuberculum show VGlut2 expression (Filippi et al. 2014) . Those authors suggested that these dopaminergic neurons of the zebrafish posterior tuberculum could elicit a dual DA/ GLU response in the striatum similar to that reported in the nigro-striatal system of rodents. Unlike that reported in zebrafish, present results in lampreys show that the posterior tuberculum/paratubercular dopaminergic neurons do not co-localize GLU immunoreactivity at the levels detected by the current immunohistochemical approach. Therefore, this represents an important difference between the paratubercular dopaminergic neurons of the sea lamprey and the dopaminergic cells of the zebrafish posterior tuberculum (Filippi et al. 2014 ) and the rodent ventral tegmental area/substantia nigra (see above).
In rodents, half of the TH-positive neurons of the A11 hypothalamic dopaminergic nucleus show expression of VGlut2 (Kawano et al. 2006) . A few neurons with the DA-GLU co-phenotype were also observed in the dorsal hypothalamus of the sea lamprey. This finding, together with the observation of numerous TH-VGlut2 expressing neurons in the posterior tuberal nucleus of zebrafish (Filippi et al. 2014) , suggests that the presence of hypothalamic neurons with a DA/GLU co-phenotype is a feature that appeared early during vertebrate evolution. However, whether the dorsal hypothalamic neurons of lampreys, the A11 neurons of mice and the posterior tuberal neurons of zebrafish are homologous is not known. Interestingly, descending dopaminergic diencephalic projections to the spinal cord arise from A11 neurons in mice (Qu et al. 2006) , the periventricular nucleus of the posterior tuberculum in zebrafish (Kuscha et al. 2012 ) and the paratubercular and mammillary nuclei in sea lamprey . In lampreys, these nuclei did not show DA/GLU colocalization (present results).
Our study revealed co-localization of DA and GLU immunoreactivity in a population of CSF-contacting cells located in the ventral midline of the caudal rhombencephalon. As far as we are aware, this is the first time this DA/GLU co-phenotype has been reported in the rhombencephalon of any vertebrate species. A different phenotype expressing TH and VGlut2 has been reported in the zebrafish rhombencephalon (Filippi et al. 2014 ). These cells lack CSF-contacting processes and were considered to be noradrenergic neurons, although a mix of dopaminergic and noradrenergic neurons has been reported in the zebrafish medulla (Kaslin & Panula, 2001 ). As TH is a marker of both noradrenergic and dopaminergic neurons, results of Filippi et al. (2014) using TH as a marker do not rule out the possibility that some of these dual cells could be dopaminergic. Regarding the DA-ir CSF-contacting cells of the lamprey caudal rhombencephalon, some of them originate descending projections to the rostral spinal cord ; therefore, they could be a source of dual DA-GLU descending transmission to the spinal cord, whereas in jawed vertebrates it should be of diencephalic origin (see previous paragraph). Previous studies reported that all the DA-ir CSF-c neurons of the caudal rhombencephalon of the sea lamprey were also GABA-ir (Barreiro-Iglesias et al. 2009b) , which indicates that they actually have a triple co-phenotype (DA, GLU and GABA) in terms of classical neurotransmitters. The existence of neurons with a similar triple neurotransmitter phenotype has been described previously in rodents, in which some neurons of the ventral tegmental area are TH/ VGlut2/glutamic acid decarboxylase (GAD)-positive (Barker et al. 2016) . Whether these lamprey medullary cells release DA, GABA and GLU at synapses needs to be investigated. The DA-ir CSF-c cells of the caudal rhombencephalon continue along the ventral spinal cord where they also were GLU-ir in the spinal cord (present results). These neurons are also GABA-ir (Rodicio et al. 2008 ) and therefore also have a triple co-phenotype. Finally, we observed neurons with the DA/GLU co-phenotype in the postoptic commissure and preoptic nuclei of the sea lamprey. Neurons in the postoptic commissure and preoptic nuclei could also have a triple DA/GLU/GABA phenotype, as some neurons of these nuclei co-localize DA and GABA (Barreiro-Iglesias et al. 2009b ). To our knowledge, the presence of dual DA/GLU neurons in preoptic and postoptic brain regions has not been described in other vertebrates. This indicates that its presence is a feature of the lamprey, but whether it is a derived character or represents an ancestral condition is not known. More studies are needed in other vertebrate lineages, including basal jawed vertebrates such as elasmobranches, for understanding the evolution of this neuronal co-phenotype.
In conclusion, the presence of DA/GLU-containing neurons is shared by jawless and jawed vertebrates. The present study extends our knowledge on the distribution of neurons with a dual DA/GLU phenotype in the central nervous system of vertebrates, revealing a notable diversity in terms of brain location and possible functions of these cells.
